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1 Intr oduction

Mostneutrinoscatteringexperiments,includingneutrinooscillationexperiments,
requiremassive nucleartarget/detectorsto obtainusefulreactionrates.Analysis
of neutrinoreactionswith nuclearmediarequiresunderstandingthe nuclearen-
vironment’s effect on the process[1]. Therearetwo generalcategoriesof such
nucleareffects:� The neutrinointeractionprobability on nuclei is modified relative to free

nucleons.Nucleareffectsof this typehave beenextensively studiedusing
muonandelectronbeams,but have not beenexploredwith neutrinos.De-
pendingonthekinematicregion,thesenucleareffectscanbequitedifferent
for neutrinos.This is particularlytrue for theshadowing phenomenon[2].
In theshadowing region, for a given ��� thecross-sectionsuppressiondue
to shadowing occursfor muchlowerenergy transfer( 	 ) in neutrinointerac-
tionsthanfor chargedleptons.Thisis veryrelevantfor theneutrinoenergies
of oscillationexperiments.� Hadronsproducedin a nucleartarget may undergo final-stateinteractions
(FSI), including re-scatteringand absorption. Theseeffects may signifi-
cantlyalter theobservedfinal-stateconfigurationandmeasuredenergy [3,
4], andaresizableat neutrinoenergiestypical of currentandplannedneu-
trino oscillationexperiments[5].

The hadronshower observed in neutrinoexperimentsis actually the convo-
lution of thesetwo effects. FSI effectsaredependenton the specificfinal states
that,even for freeprotons,differ for neutrinoandcharged-leptonreactions.The
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suppressionor enhancementof theproductionof particularfinal statesby nuclear
effectsalsodiffer for neutrinoandcharged leptonreactions.For thesereasons,
measurementsof nucleareffectswith chargedleptonscannotbesimplyappliedto
neutrino-nucleusinteractions.

To studythesequestionsin MINER 	 A, carbon,iron andleadtargetswill be
installedupstreamof thepurescintillatoractive detector. To measuretheoverall
effectof thenucleus,theobservedinteractionrate,hadronenergy andmultiplicity
will bemeasuredfor all threetargets.

2 Modified Interaction Probabilities due to Nuclear
Effects

As mentioned,pronouncednucleareffectshave beenobservedin charged-lepton
scatteringoff anumberof nucleartargets.Theexperimentalsituationis discussed
in review papers[6, 7].

The mechanismsof nuclearscatteringhave also beenstudiedtheoretically.
Thesemechanismsappearto bedifferentfor smallandlargeBjorken � asviewed
from thelaboratorysystem.Bjorken � is definedas ��������������	 , where	 and �
areenergy andmomentumtransferto thetargetand � � ��� ��� 	 � . Thephysical
quantitywhich is responsiblefor theseparationbetweenlargeandsmall � regions
is a characteristicscatteringtime, which is alsoknown asIoffe time (or length)��� � 	!�"� � [8]. If ��� is smallerthantheaveragedistancebetweenboundnucleons
in a nucleusthenthe processcanbe viewed as incoherentscatteringoff bound
nucleons.Thishappensat larger �$#&%('*)+��, .

At smallBjorken � thespace-timepictureis different. Theunderlyingphys-
ical mechanismin thelaboratoryreferenceframecanbesketchedasa two-stage
process.At thefirst stagethevirtual photon -/. (or 01. or 23. in caseof neutrino
interactions)fluctuatesinto a quark-antiquark(or hadronic)state.This hadronic
statetheninteractswith the target. Theuncertaintyprinciple allows an estimate
of theaveragelifetime of suchhadronicfluctuationas� ���"	!�!#54 �76 � � ,98 (1)

where4 is theinvariantmassof thehadronsinto whichthevirtual bosonconverts.
Thesamescale� alsodeterminescharacteristiclongitudinaldistancesinvolvedin
theprocess.At small � , � exceedstheaveragedistancebetweenboundnucleons.
For this reasoncoherentmultiple interactionsof this hadronicfluctuation in a
nucleusareimportantin this kinematicalregion. It is well known thatthenuclear
shadowing effect for structurefunctionsis aresultof coherentnuclearinteractions
of hadronicfluctuationsof virtual intermediatebosons(for a recentreview of
nuclearshadowing see,e.g.,[7]).
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2.1 Nuclear effectsin the incoherent regimeat large :
If � is largeenoughto neglectcoherentnuclearshadowing effect, theleptonscat-
teringoff a nucleuscanbewell approximatedasincoherentscatteringoff bound
protonsandneutrons.Themostpronouncednucleareffectsin this region aredue
to Fermi-motion,nuclearbinding[9, 10, 11,12, 13,14, 15], andoff-shellmodifi-
cationof nucleonstructurefunctions[14, 15,16, 17,20].

A widely usedapproximationin thedescriptionof nuclearstructurefunctions
is to neglectthefinal stateinteractionsof producedhadronicstateswith therecoil-
ing nucleus.In this approximationthenuclearstructurefunctionscanbewritten
asthe boundnucleonstructurefunction averaged(convoluted)with the nuclear
spectralfunction (for derivationandmoredetailssee[11, 14, 20]). Sincebound
nucleonsare off-mass-shellparticlestheir quark distributionsgenerallydepend
on nucleonvirtuality ; � asan additionalvariable. Off-shell effects in structure
functionscanbeviewedasawayto describein-mediummodificationof structure
functions.This effect wasdiscussedin termsof differentapproachesin theliter-
ature[13, 17, 14,16,19, 20]. Similar effectsalsohold for thestructurefunctions�=<?> and �=<$@ .
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Figure1: Theratioof iron to deuteriumstructurefunctionsasmeasuredby SLAC
E-139andCERNBCDMScollaborationsin experimentswith electronandmuon
beams(left panel).Also shown aretheresultsof modelcalculationat fixed � � �A '7B�C9D � whichaccountfor binding,Fermi-motionandoff-shelleffectsin nuclear
DIS [20]. The ratio of lead and carbonstructurefunctionscalculatedat fixed� � � A 'EB�C9D � within thesameapproachis presentedin theright panel.

Predictionsof the convolution approachare comparedto dataon charged-
leptonDIS in Fig.1. Modelcalculationsof nuclearstructurefunctionsuserealistic
nuclearspectralfunctions.Dataseemto indicatethatsomeoff-shellmodification
of boundnucleonstructurefunction is necessary[20]. The right panelof Fig. 1
displaystheratioof leadandcarbonstructurefunctionscalculatedwithin thesame
approach.Oneobservesthatnucleareffectsat large � arepracticallysaturatedin
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carbon.Similar nucleareffectsarepredictedfor neutrinostructurefunctions < �
and�=<$@ . TheMINER 	 A experimentwill providevaluableinformationonnuclear
effectsin this region.

2.2 Nuclear effectsat small :
Nuclearshadowing effectshavebeenextensively discussedin theliterature.A re-
centpaper[7] providesareview of bothexperimentaldataandtheoreticalmodels
of nuclearshadowing for charged-leptonscattering.Thiseffect is interpretedasa
resultof thecoherentinteractionof thehadroniccomponentof thevirtual photons
with a target nucleus. The structurefunctionsat small � canbe presentedasa
superpositionof contributionsfrom differenthadronicstates.

In fixed-targetexperimentstheeventswith smallBjorken � arecorrelatedwith
low invariantmomentumtransfersquared� � . At low � � thevectormesondom-
inancemodel (VMD) appearsto be a goodtool to studynuclearcorrectionsin
structurefunctions[7, 21]. In VMD thestructurefunctionsaresaturatedby con-
tributionsfrom a few low-massvectormesonstates.For the interactionsdriven
by the electromagneticcurrentusuallyonly the isovector F and the isoscalarG
and H mesonsareimportantat low � �JI A B�C9D � [21]. Thestructurefunctionsin
this modelhave strong ��� dependence.In thegeneralizedversionsof VMD, the
higher-massstatesincludingcontinuumhave alsobeenconsideredthatmakesit
possibleto applythemodelathigher ��� [7, 21].

The VMD approachhasalso beenapplied to weak interactions[22]. The
vectorcurrent,in closeanalogywith theelectromagneticcurrent,is assumedto be
saturatedby the F mesoncontributionatlow ��� . Theaxial-vectorchannelrequires
theconsiderationof contributionsfrom theaxial-vectormesonK*> . However, there
is a numberof interestingphysicsquestionsrelatedto the analysisof the axial-
vectorchannelof neutrinointeractions.

It shouldbe emphasizedthat neutrinoscatteringat low � � is dominatedby
contributionsdueto theaxialcurrent.Indeed,it is well knownthatcontributionsto
thestructurefunctions(crosssections)from thevectorcurrentvanishas � �ML '
becauseof vectorcurrentconservation. The axial currentis not conserved and
for this reasonthe longitudinalstructurefunction <ON doesnot vanishat low � � .
It wasobservedlong agoby Adler that theneutrinocrosssectionsat low ��� are
dominatedby thecontribution from thedivergenceof theaxial current[23]. The
latter, becauseof PCAC, is saturatedby thepioncontribution. For this reasonlow� � neutrinocrosssectionsandstructurefunctionsaredeterminedby pion cross
sections.For thelongitudinalstructurefunctionat low ��� theAdler relationis�P�=<RQTS�UVSN � W �XY[Z X #]\T8^� � ,_8 (2)

where
W X �`'*)+a"b"4 X is thepiondecayconstant( 4 X is thepionmass)andZ X #c\�8�� � ,

thetotalpioncrosssectionat thecenter-of-massenergy \J� � � # A �P� � A , 6 � � for
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anoff-shellpionwith themasssquared��� . Equation(2) determinesthedominant
contribution to < � andneutrinoproductioncrosssectionat small ��� for nucleon
andnucleartargets.

It is importantto realizethat Eq. (2) is not a consequenceof the pion dom-
inanceof the axial current,i.e. fluctuationof the axial currentto a pion which
interactswith thetarget [26]. Indeed,thesingle-pionfluctuationof theaxial cur-
rentgivesavanishingcontribution to theneutrinocrosssection.Instead,theaxial
currentin neutrinointeractionscanproduceheavy statessuchasthe K*> mesonandF Y pair, which contributeto theinteractionwith thetarget. Theoverall contribu-
tion of all suchstatesis describedby thePCAC relation.Thedetailedmechanism
of this phenomenonis not yet fully understoodand the MINER 	 A experiment
canprovide new insightson physicsdrivenby theaxial currentin neutrinointer-
actions.

The strengthof the nuclearshadowing effect is controlledby mesoniccross
sectionsZ!d in thecaseof thevectorcurrent. In theaxial-vectorchannelthe rel-
evantquantityis thepion crosssection.In orderto quantitatively understandnu-
cleareffects,themultiplescatteringeffecton thecrosssectionis calculatedusing
Glauber–Gribov multiple scatteringtheory[24, 25, 21]. For a heavy nucleusthe
multiplescatteringseriescanbewritten in aclosedform (see,e.g.[21, 26])Zfe � Zhg 6ji Zfe 8 (3)i Zfe � � Z �g� k C l!monqprmcst ��u tfv > tfv � F=# u 8 v >w,&F=# u 8 v � ,*C9xVy{z l

mqsm&n tfv}|�~���?� � Zhg� F=# u 8 v}| ,w�E�R8
(4)

where Zhg and Zfe arethetotal crosssectionsof thehadronicstatein questionoff
the nucleonandthe nucleus,respectively, and i Zfe denotesthe nuclearmultiple
scatteringcorrection.In Eq.(4) F is thenucleondensitydistributionnormalizedto
thenumberof nucleonsandtheintegrationis performedalongthecollision axis,
which is chosento be

v
-axis,andover the transversepositionsof nucleons(im-

pactparameteru ). �?� is thecorrelationlengthof thevirtual hadronicstate.The
exponentialfactorin Eq. (4) accountsfor multiple scatteringeffects. Therateof
multiplescatteringinteractionsis controlledby themeanfreepathof thehadronic
fluctuationin anucleus������#�F Z ,�� > . If ��� is smallenoughcomparedwith thenu-
clearradius,whichis thecasefor heavy nuclei,thenmultiplescatteringeffectsare
important.It shouldbeemphasizedthatthemultiple scatteringcorrectionis neg-
ative becauseof thedestructive interferenceof theforwardscatteringamplitudes
ontheupstreamnucleonsthatcausesshadowing of thevirtual hadroninteractions
on theback-facenucleons.

If thecorrelationlengthis smallcomparedto theaveragenuclearradius,
�?����

, thentheoscillatingfactorin Eq.(4) suppressesmultiplescatteringcorrections.
The onsetpoint of coherentnucleareffectscanbe estimatedby comparingthe
coherencelengthof hadronicfluctuation

�?�
with the averagedistancebetween
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boundnucleonsin thenucleus� . For hadronicfluctuationof thevectorcurrent
�?�

is similar to thefluctuationtime � from Eq. (1), where 4 is themassof hadronic
statein question.The coherentnucleareffectstake placeif the fluctuationtime
is large enough� %�� . This conditionrequireshigh energy transfer 	 and,as
is clearfrom Eq. (1), the coherentregion comesearlierwith energy for smaller
masses4 . However, it shouldbenotedthat,sincefor any massof intermediate
state� I ��	*�"� � , the region of coherentnucleareffectsis limited to small � for
any ��� , � I A ����� . Nuclearshadowing saturatesif

�?��� �
, which happens

at small � , andthecondition
�?�3���

definesthe transitionregion with strong �
dependenceof theratio i Zfe � Zhg .
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Figure2: Theratioof iron to nucleon(upperrow) andleadto carbonneutrinoCC
structurefunctions<��� calculatedat two different ��� within anapproachbasedon
PCAC andVMD (solid line). Thedashedline shows similar ratiosfor themuon
structurefunction <R�� .

For theaxial-vectorcurrentneutrinointeractionsthefluctuationtime � is also
givenby Eq. (1). However, aswasarguedin [26], thefluctuationandcoherence
lengthsarenot thesamein this case.In particular, thecoherencelengthis deter-
minedby thepion mass4 X in Eq. (1) becauseof thedominanceof off-diagonal
transitionslike K*>o� L Y � in nuclearinteractions.Sincethepion massis much
smallerthantypical massesof intermediatehadronicstatesfor thevectorcurrent
( 4��}8$4�� , etc.),thecoherencelength

���
of intermediatestatesof theaxial current
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Figure3: Predictedshadowing effectsat � � = 0.25GeV� asa functionof energy
transfer( 	 ), for neutrinos(solid line) andmuons(dottedline). Theplot ontheleft
is for iron comparedto deuteriumwhile theright plot is leadcomparedto carbon.

at low � � will bemuchlargerthan
�?�

of thevectorcurrent.A directconsequence
of thisobservationis earlyonsetof nuclearshadowing effect in neutrinoscattering
at low energy and ��� comparedwith theshadowing in charged-leptonscattering.

Figure2 shows theresultsof calculationsof theratiosof iron to nucleonand
leadto carbonstructurefunctionscalculatedattwo different � � asafunctionof � .
We alsocomparethenuclearshadowing effect for muonandneutrinoscattering.
ThemuonstructurefunctionwascalculatedusingtheVMD modelof theelectro-
magneticcurrent.Nuclearcorrectionsto mesoniccrosssectionswerecalculated
usingEq.(4) with thecoherencelengthgivenby Eq.(1). Thevector-currentcon-
tributionto neutrinostructurefunctionswasalsoevaluatedusingtheVMD model
similar to the electromagneticcurrentcase,while the axial-currentcontribution
wastreatedusingthePCAC relation(2). Nuclearcorrectionsto thevirtual pion
crosssectionin (2) wasevaluatedby Eq. (4) assumingthat thecoherencelength�?�

is determinedby thepionmass.Oneobservesfrom thesefiguresthattheshad-
owing effect for neutrinointeractionssetsin earlier(at larger � ) andits � -shapeis
differentin thetransitionregion of � between0.1and0.01. Thebasicreasonfor
theearlieronsetof nuclearshadowing in neutrinoscatteringanddifferentbehav-
ior in thetransitionregion is thedifferencein thecorrelationlengthsof hadronic
fluctuationsof the vector and axial-vector currents. This is also illustratedby
observingthatfor a given � � thecross-sectionsuppressiondueto shadowing oc-
cursfor muchlower energy transfer( 	 ) in neutrinointeractionsthanfor charged
leptons. Figure3 shows the predicteddifferencebetweenneutrinoandcharged
leptonshadowing asa functionof theenergy transfer( 	 ). On the left is theratio
of iron to deuteriumwhile on theright is shown theratio of leadto carbon.

Therelativenuclearshadowing effect for thestructurefunction <O@ is predicted
to be substantiallydifferent from that for < � [27]. This is becausethe struc-
turefunction <$@ describesthecorrelationbetweenthevectorandtheaxial-vector
currentin neutrinoscattering. In termsof helicity crosssections,the structure
function <$@ is givenby thecrosssectionasymmetrybetweenthe left- andright-
polarizedstatesof thevirtual 0 boson.It is known thatsuchadifferenceof cross
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sectionsis stronglyaffectedby Glaubermultiple scatteringcorrectionsin nuclei.
Thiscausesanenhancednuclearshadowing effect for thestructurefunction <$@ .

The resultsfor the ratio of leadandcarbonstructurefunctionsareshown in
Fig. 4. Unlike nucleareffectsat largeBjorken � , which areshown in Fig. 1, one
observessubstantial,structurefunctiondependent,nucleareffectsatsmall � . The
MINER 	 A experimentcanprovideauniquetool to studytheseeffects.
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Figure4: Theratio of leadandcarbonneutrinoCC structurefunctions < � calcu-
latedin an approachbasedon PCAC andVMD at two different � � (solid line).
Similar ratio for thestructurefunction �=<O@ is shown by thedashedcurve.

2.3 Nuclear effectsand determination of �¡ ]¢?£�¤!¥
Therateof neutral-current(anti)neutrinoscatteringis directly determinedby the
valueof ¦¨§ª© �=«¬ . Thereforethemeasurementof NC/CCratiosof neutrinocross
sectionsprovidesavaluabletool for thedeterminationof ¦w§®© � «¬ . For anisoscalar
target (e.g. the isoscalarcombinationof protonandneutron,or for deuterium)a
relationbetweenneutrino–antineutrinoasymmetriesin theNC andCC DIS cross
sectionswasderivedby PaschosandWolfenstein[28]� � � Z �¯ S � Z7°�¯ SZ �S±S � Z °�S±S � A� � ¦w§®© � «¬ 8 (5)

where «¬ is the Weinberg mixing angle. A similar relation also holds for the
NC/CCratioof thestructurefunctions< ¯ S@ #��²8�� � ,¨�}<³S±S@ #��²8^� � ,�� A � ��¦w§®© � «¬ 8 (6)

where < S±S@ is the neutrinoandantineutrinoaveragedstructurefunction, < SrS@ �#5< �@ 6 < °�@ , .
It shouldbestressedthatif only thecontributionsdueto light quarksaretaken

into account,thenthePWrelationshipis adirectresultof isospinsymmetry. This

8



ensuresthatvariousstronginteractioneffects,includingnucleareffects,cancelout
in
� � for anisoscalartargetthusmakingEq.(5) agoodtool for themeasurement

of themixing anglein neutrinoscattering.
Thetargetsusedin neutrinoexperimentsareusuallyheavy nuclei,suchasiron

in theNuTeV experiment[29]. Heavy nucleitypically haveanexcessof neutrons
over protonsand,therefore,arenot isoscalartargets. For a non-isoscalartarget
therelations(5) and(6) areviolatedby contributionsdueto isovectorcomponents
of nuclearpartondistribution functions. Nuclearcorrectionsto relations(5) and
(6) wererecentlystudiedin [30, 31, 32]. It wasshown thatnucleareffectsenter
throughnon-isoscalareffects in the target. Thesestudiessuggeststhat nuclear
correctionscanbe greatlyreducedwhenusingisoscalartargetssuchascarbon.
MINER 	 A, with its lead,iron, andcarbontargets,will be ableto directly mea-
surethe ratio NC/CC for variousnucleartargetsto explore thesenucleareffects
experimentally.

3 Final-State Interactions (FSI) in Neutrino Inter -
actions

Interactionsof few GeV neutrinosin nucleieasilyproduceresonanceswhich de-
cayto pions.Any attemptto reconstructtheincidentneutrinoenergy basedonthe
total observedenergy musttake into accountthe interactionsof thepionswithin
the interactionnucleus.CurrentneutrinointeractionMonte Carlos(suchasIN-
TRANUKE [33]) handleintra-nuclearpion interactionscrudelyandhave gener-
ally not yet incorporatedthelatestknowledgeof pion interactions.

The concernis mainly with pions in the energy rangeof 100 to 500 MeV,
wheretheinteractioncrosssectionsarethehighest.In thisrangethepion-nucleon
crosssectionis dominatedby the very strong ´µ# A �"b���, resonance.The ´ is a
fairly broad(about100MeV) resonance,andthepion-nucleoncrosssectionre-
flectsthis,with apeaknear200MeV pionenergy whichdropsquickly aboveand
below this. Thepionnucleuscrosssectionexhibitsa similarbehavior, with a less
pronounceddrop-off athigherenergy. Thechargedpionnucleuscrosssectionhas
four importantcomponentsin the intermediateenergy range: elasticscattering
(nucleusleft in the groundstate),inelasticscattering(nucleusleft in an excited
stateor nucleonknocked out), true absorption(no pion in the final state),and
singlechargeexchange(neutralpion in thefinal state).

Neutrino detectorsare mainly iron (absorber),oxygen (water) and carbon
(scintillator). The total pion-carboncrosssectionis 600 mb, with elasticand
inelasticcrosssectionsabout200 mb each,andabsorptionabout160 mb. The
total pion-ironcrosssectionis about1700mb, with elasticandabsorptionabout
600mb each,andinelasticabout400mb. Crosssectionsfor positive andnega-
tive pionsarenearlythesamebecausenuclei containaboutthesamenumberof

9



Figure5: The absorptioncross-sectionsfor variousnuclei asa function of pion
energy.

protonsandneutrons.Thesevery largecrosssectionsmeanthatessentiallymany
pionswill undergosomenuclearreactionwithin theinteractionnucleus.In elastic
andmostinelasticreactionsthescatteredpion will not,becauseof its light mass,
losemuchenergy. However, absorbedpionswill loseall of theirkineticandmass
energy. Of the four componentsof this intra-nuclearcross-section,the absorp-
tion probabilitywithin theinteractionnucleusis order30%. Figure5 [34] shows
absorptioncrosssectionsfor variousnucleiasa functionof pionenergy.

Pionabsorptioncannotoccuron a singlenucleondueto energy andmomen-
tum conservation. The simplestabsorptionmechanismis on two nucleons.Be-
causeabsorptionappearsto proceedmainlythroughthe � � ´ intermediatestates,
an isospinzero(np) pair is theprimarycandidate.Suchanabsorptionfor a pos-
itive pion would give two energeticprotonswhosekinetic energy nearlyequaled
the total pion energy. However, early studiesof pion absorptionfound that was
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not themostprobablemechanism.
In the1990’s two largesolid angledetectors,theLAMPF BGO Ball andthe

PSILADS detector, werebuilt to studypionabsorption.Both detectorshadlarge
solid angles(bothmorethan90%of the full solid angle)andlow protonthresh-
olds (about20 MeV for each).The LADS detectoralsohadreasonableneutron
detectionefficiency and energy measurement.The somewhat surprisingresult
from both detectorswasthat pion absorptionwasdominatedby threebody ab-
sorption[35]. For positive pions, the absorptionon a ¶f·/· triplet (leadingto a¶�¶!· final state)wasthemostcommon.This wasobservedevenin ¸ He. Theab-
sorptionin heavier nuclei alsoappearsto proceedmainly througha three-body
mechanism,althoughincreasedinitial stateinteractions(pion re-scattering)and
final stateinteractions(nucleonre-scattering)result in four to five nucleonsbe-
ing emitted. Typically the final statecontainsmoreneutronsthanprotons. The
absorptionprocess,which is still not well understoodtheoretically, largely fills
theavailablephasespacethusgiving a wide rangeof nucleonenergieswith little
angulardependence.

Becausemuchof theenergy is in neutrons,theobservedenergy is well below
thetotal pion energy. Figure6 andFigure7 [36] show missingenergy (total pion
energy minus the total proton kinetic energy) for absorptionof 250-500MeV
positivepionson > � C and ¹»º Ni. As canbeseen,evenin carbonmorethanhalf the
energy is lost to unobservedparticles,a fractionwhich increaseswith pionenergy
andwith A.

Thesituationis of courseworsefor negative pions. Chargesymmetrywould
indicatethat the primary absorptionshouldbe on a ¶�¶f· triplet leadingto a ¶f·/·
final state.In this case,mostof thepion energy would bein neutrons,andhence
not directly observed. However, if the interactionvertex andoneprotonenergy
is known, andtheanglesof theoutgoingneutronsareknown, thetotal energy of
thethreenucleonscanbeestimated.MonteCarlostudieswith realisticabsorption
modelswill beneededto determinetheaccuraciesof suchestimates.

Although neutralpionsescapingthe nucleuswill decay, usuallyto two pho-
tons,themeandistancetraveledbeforedecayis a few nanometers,muchgreater
thanthesizeof thenucleus.Thustheabsorptionof neutralpionsin theinteraction
nucleusmustalsobetakeninto accountin any studyof resonanceproduction.

For MINER 	 A, studieswith INTRANUKE havebegunto determinethesen-
sitivity to the probability of pion absorptionin the interactionnucleus. Monte
Carloroutinesarebeingmodifiedto treatpionabsorptionmorerealistically. Note
alsothatthereareessentiallynomeasurementsof pionabsorptionabove500MeV.
Thefine spatialresolutionandfull solid angledetectioncapabilityof MINER 	 A
will allow a studyof theseinteractions,especiallyin carbon.
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Figure6: The missingenergy (total pion energy minus the total protonkinetic
energy) for theabsorptionof 250-500MeV pionsoncarbon.
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Figure7: The missingenergy (total pion energy minus the total protonkinetic
energy) for theabsorptionof 250-500MeV pionsonnickel.
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Figure8: Probabilityfor theoutgoingprotonto escapethenucleusasa function
of ��� .
3.1 Nuclear Transparencyin Neutrino Interactions

A secondnuclearinteractionprocesswhich affects the observed final stateen-
ergy is thefinal stateinteractionof a nucleonin thestrucknucleus.An outgoing
nucleonhasa substantialprobability of interactingin the nucleus. Theseprob-
abilities have beenmeasured,most recentlyat JLab,with someprecision. The
experimentsused #5¼�8�¼ | ¶=, coincidencereactions.Thecrosssectionfor finding the
scatteredelectronin thequasi-elasticpeakwascomparedto thecrosssectionfor
finding thecoincidentproton.A summaryof theresultsareshown in Fig. 8.

In contrastto pion absorption,there is little available information on what
happensto thescatterednucleon.Of course,mosteitherscatterfrom asinglenu-
cleonquasi-elasticallyor produceapion(for protonsabove600MeV). Improving
MonteCarloroutinesto modelthis interactionshouldallow usto betterestimate
thetotal final stateenergy. As with pion absorption,thegoodresolution,neutron
detectioncapability, andfull solidanglecoverageof MINER 	 A shouldallow ex-
perimentaldeterminationof the actualfinal statesandhelp constrainthe Monte
Carloroutines.

4 Measuring Nuclear Effects with the MINER ½ A
Detector

To studynucleareffects in MINER 	 A, carbon,iron andleadtargetswill be in-
stalledupstreamof the purescintillator active detector. The currentlypreferred
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configurationinvolvesa total of 9 planes,with eachplanedivided transversely
into C, Fe andPb wedges.As oneproceedsfrom upstreamto downstream,the
C, Fe andPb targetsexchange(rotate)positions. A scintillator moduleof four
views (x,u,x,v) separateseachof the planes.The total massis over 1 ton of Fe
andPbandsomewhatover0.5tonof C. Sincethepurescintillatoractivedetector
essentiallyactsasanadditional3-5 ton carbontarget(CH), thepuregraphite(C)
targetis mainly to checkfor consistency. For thestandardfour-yearrundescribed
in theproposal,MINER 	 A wouldcollectover740K eventsonFeandPb,430K
eventson C aswell as2.3M eventson thescintillatorwithin thefiducial volume.

MINER 	 A’sgoalsin measuringnucleareffectscanbesummarizedasfollows:� measurefinal-statemultiplicities, andhenceabsorptionprobabilities,asa
functionof ¾ with initial 	 ;� measurethe visible hadronenergy distribution asa function of target nu-
cleusto determinetherelativeenergy loss;� investigateif the correctionfactorsfor observed multiplicity and hadron
energy areafunctionof themuonkinematicsfor amoredirectedapplication
of nucleareffect corrections;� measureZ ( � , � � ) for eachnucleartarget to compare� -dependentnuclear
effectsmeasuredwith both 	 andchargedleptonbeams;� measurethenucleareffectson < � #¿�²8Q� , and�=<$@P#¿�²8+� � ) to determinewhether
seaandvalencequarksareaffecteddifferentlyby thenuclearenvironment.

4.1 ProposedExperimental Analysis- modified interaction prob-
abilities

To measurethis nucleareffect, thecross-sectionandresultingstructurefunctions< � #�� , � � ) and �=<O@P#�� , � � ) will be measuredfor the threetarget nuclei of C, Fe
andPb. For the standard4-yearrun we expectaround740 K eventsper target
distributedin � dependingontheW-regionin question.For anA-dependentcom-
parisonin theDIS region (W À 2 GeV and ���EÀ 1 GeV� ) we would have 330K
eventsper target with 66 K eventsper target in the shadowing region ( �ÂÁÃ'*) A )
and20K eventspertargetin thehigh � region #��[ÀÂ'*)ÅÄ", .

To studytheaxial-vectornuclearshadowing effectsexpectedat low � � (non-
DIS events)andlow 	 we will have 133K eventspertargetwith � � Á 1.0GeV�
and �ÆÁÇ'*) A . For example,the expecteddistribution of eventswith � � Á�'*)ÉÈ
GeV� and 	�À 6 GeV (the region of maximalpredicteddifferencewith respect
to chargedleptonshadowing) is shown in Fig. 9. With theseexpectedstatistics,
MINER 	 A shouldbe ableto measurethe expecteddifferencein leadto carbon
shadowing for chargedleptonscomparedto 	 ’s to justunder3 standarddeviations
statistically.
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Figure9: The expectedeventsampleper target with � � ÁÊ'V)ÉÈ GeV� and 	jÀ 6
GeV.

4.2 ProposedExperimental Analysis - final state interactions
in neutrino production

TheNEUGENMonteCarlohasbeenusedtostudythesensitivity of theMINER 	 A
experimentto nucleareffects. Thenucleareffectsin theNEUGENMonteCarlo
are controlledby the INTRANUKE processor. This processorincorporatesa
probabilityfor pionabsorptionbasedonearlierelectroproductionabsorptionstud-
iesandlower-statisticsNe/H� neutrinobubblechamberdata.Theobservedphe-
nomenaof hadronformationlength,whichincreasesthetransparency andreduces
final stateinteractions,is incorporatedaswell. Theparticularmodelusedfor pion
absorption,which is currentlybeingimprovedandupdated,assumesthat theab-
sorptionprocesseliminatesapionandtheresultingnucleonsarethemselveseither
absorbedin thenucleusor aretoo low in energy to beobservedin thedetector.

To determinethesensitivity of MINER 	 A measurementsto thepredictionsof
thismodel,theassumedprobabilityfor pionabsorptionin INTRANUKE hasbeen
increasedby threestandarddeviationsand thendecreasedby the sameamount
that,essentially, turnsoff pion absorption.The multiplicity anda simple,crude
estimateof the visible hadronenergy have beenexaminedundertheseextreme
conditions. Note that other nucleareffectssuchas intra-nuclearscatteringand
hadronformationlengthhave not beenchangedfrom their nominalvalues.Fig-
ure10showsboththetruthandreconstructedmultiplicity distributionsfor carbon.
As canbeseen,theavailablecrudetracker fails to reconstructmany of thetracks.
We expectthis problemto besignificantlyresolvedwhenfull patternrecognition
anda moresophisticatedtracker becomeavailable.For thecurrentstudy, we will
usethetruthvalueof multiplicity.

In the next seriesof figuresthe predictedasymmetryin the true multiplicity
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MC Truth Charged Track Multiplicity - Carbon
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Figure10: The shift in the truth andreconstructedmultiplicity distributionsbe-
tweenthetwo valuesassumedfor pionabsorptiononcarbondescribedin thetext.

andvisiblehadronenergy areshown. Theasymmetryis definedasthepercentage
changeundertheseextremeassumptions.That is, the bin contentsat plus three
standarddeviationsminusthebin contentsatminusthreestandarddividedby bin
contentsatminusthreestandarddeviations.Figure11showstheasymmetryin the
truemultiplicity for carbon,while Fig. 12andFig. 13showsthesamedistribution
for iron and lead respectively. Oneseesa ratherdramaticeffect for carbonas
the high absorptionvaluehasincreasedthe numberof 0-trackeventsby over a
factorof 6 comparedto the no-absorptioncase. This is dueto the fact that the
other nucleareffects, not being changed,are minimal for carbon. Sinceintra-
nuclearrescatteringincreasesas ¾ >]Ìq@ andthereductionof nucleareffectsdueto
hadronformationlengthdecreasesas ¾ >]Ìq@ , thenon-absorptionnucleareffectsare
minimal for carbonandalreadysizablefor iron andleadIf this modelis realistic,
thecarbonmultiplicity distribution shouldbequitesensitive to theprobabilityof
absorption.

Thefinal determinationof thevisible hadronenergy will beaninvolvedpro-
cessfor thisexperiment.For now, weareusingthemostprimitiveestimateof this
quantity, namelyanuncorrectedversionderivedfrom thetotal light outputof the
hadronshower. In thedataanalysisthiswill berefinedfor example,throughmea-
surementsof stopping/decayingparticles. With this crudeestimate,the change
in hadronenergy for iron is shown in Fig. 14 andfor leadin Fig. 15. Thereis
a significantincreasein the numberof eventswith ÍMÎ lessthan 3 GeV anda
correspondingdecreasein thenumberof eventswith higher ÍMÎ asonewouldex-
pect. MINER 	 A will collectseveral timesthesestatisticsandshouldbecapable
of measuringthiseffect atevenhigherhadronenergy.

Sincetheincomingneutrinoenergy is nota priori known, themeasuredmuon
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MC Truth Charged Track Multiplicity - Carbon
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Figure11: Thefractionalchangein truemultiplicity distributionsbetweenthetwo
valuesassumedfor pionabsorptionon carbondescribedin thetext.
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Figure12: Thefractionalchangein truemultiplicity distributionsbetweenthetwo
valuesassumedfor pionabsorptionon iron discussedin thetext.
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MC Truth Charged Track Multiplicity - Lead
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Figure13: Thefractionalchangein truemultiplicity distributionsbetweenthetwo
valuesassumedfor pionabsorptionon leaddiscussedin thetext.
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Figure14: The fractionalchangein the visible hadronenergy distributionsbe-
tweenthetwo valuesof pionabsorptionon iron discussedin thetext.
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Reconstructed EHad
Ñ (GeV) (Lead target)
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Figure15: The fractionalchangein the visible hadronenergy distributionsbe-
tweenthetwo extremesin pionabsorptionon leaddiscussedin thetext.

kinematicswill betestedasabasisto comparecharacteristicsof thevisiblehadron
showeracrossnucleartargetsandto determinewhetheranuclear-effectscorrection-
factorasa function of the observedmuonkinematicscambeedetermined.The
muonis relatively free from nucleardependenteffectsandserveswell asan A-
independentnormalization.For example,thequantity:� | ��Í � ¦w§®© � # « �"��, (7)

is representative of the 4-momentumtransferto the nucleonor quark (divided
by Í � ) andreflectstheenergy-momentumtransferredto thehadronicvertex. The
distributionof eventsin thisquantityis peakedtowardlow � | . with half theevents
below � | = 1.0GeV.
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